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Human T-cell lymphotropic virus type I (HTLV-I) transactivator Tax augments transcription from three
(cyclic AMP response element (CRE)-containing 21-bp repeats in the viral long terminal repeat and several
other cis regulatory elements, including the NF-kB binding sites and the serum response element. Tax does not
bind DNA directly; rather, it acts via cellular sequence-specific DNA binding proteins to stimulate transcrip-
tion. We have shown recently that Tax forms multiprotein complexes with the heterodimeric and homodimeric
forms of a ubiquitous cellular transcription factor, CREB (CRE binding protein). In vitro selection for
preferred Tax-CREB binding sites indicates that the Tax-CREB complex exhibits greatly increased DNA
recognition specificity and assembles preferentially on CRE motifs, TGACGT/C, flanked by long runs of G (5')
and/or C (3’) residues, as found in the HTLV-I 21-bp repeats. The indirect tethering of Tax to the 21-bp repeats
via CREB is crucial for Tax transactivation. We now report the domain organization of Tax by characterizing
its mutants. Tax mutants with alterations in the NH, terminus, including three deletion mutants, Tax(6-353),
Tax(21-353), and Tax(89-353), and two amino acid substitution mutants, M1 (H3S) and M7 (C29A, P30S), all
failed to interact with CREB in vitro. In contrast, a short COOH-terminal deletion, Tax(1-319), and a Tax
mutant with amino acid substitutions near the COOH end, M47 (L319R, L320S), were able to interact with
CREB and the 21-bp repeats to assemble ternary Tax-CREB-DNA complexes. As demonstrated earlier, M1,
M7, and M47 all failed to transactivate the HTLV-I long terminal repeat. Our data indicate that the defects
in M1 and M7 result from an inability to interact with CREB. In contrast, the COOH-terminal mutations in
M47 most likely inactivated the transactivation domain of Tax. As anticipated, a Tax mutant, M22 (G137A,
L138S) which activated transcription from the 21-bp repeats with reduced capacity and was defective in trans
activating the NF-kB binding sites, continued to interact with CREB in vitro, albeit with a lower level of
efficiency. Finally, a glutathione S-transferase (GST)-Tax fusion protein with the GST moiety fused to the NH,
terminus of Tax failed to interact with CREB. Removal of the GST domain from GST-Tax by thrombin restores
Tax’s ability to assemble a ternary Tax~-CREB-21-bp-repeat complex. These data support the notion that the
NH,-terminal region of Tax is important for interaction with CREB while the COOH end of Tax most likely

is involved in communication with the basal transcriptional machinery.

Human T-cell lymphotropic virus type I (HTLV-I) is the
causative agent of adult T-cell leukemia/lymphoma (20, 32)
and a neurologic disorder called tropical spastic paraparesis/
HTLV-I-associated myelopathy (3, 15, 24, 30). The 3’ region of
the HTLV-I genome encodes a 40-kDa nuclear protein, Tax,
crucial for virus replication (7, 23). Tax is a transcriptional
activator. It activates HTLV-I transcription from three cyclic
AMP response element (CRE)-containing 21-bp repeats in the
U3 region of the viral long terminal repeat (LTR) (4, 9, 13, 27,
34, 39). In addition, it induces transcription of human immu-
nodeficiency virus, interleukin 2, interleukin 3, granulocyte
macrophage colony-stimulating factor (GMCSF) and interleu-
kin 2 receptor a-chain genes via the NF-kB binding motif (8,
22, 26) and expression of the immediate-early gene, c-fos, via
the serum response element (11). Tax does not bind DNA
directly (17, 29). Recent evidence indicates that Tax function is
mediated through direct interactions with cellular transcription
factors. We demonstrated earlier that Tax interacts with the
ubiquitous transcription factor CRE binding protein (CREB)
to form a multiprotein complex which assembles specifically on
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the 21-bp repeats in the U3 region of the HTLV-I LTR (42,
43). Association of Tax with two members of the NF-kB/Rel
family of transcriptional factors, p105 (p50 precursor) (21) and
p100 (lyt-10, pS2 precursor) (2, 25), has also been reported.
The specific mechanism responsible for Tax-mediated activa-
tion from the NF-kB binding motifs is not fully resolved. It
appears that, in the presence of Tax, the nuclear localization of
various NF-kB factors, including c-rel, p65, p50, and p52, be-
comes greatly facilitated (8, 25). Most recently, Tax has also
been shown to associate with p67°RF, a cellular transcription
factor mediating serum activation of c-fos expression (10, 11).
This interaction of Tax with SRF correlates with activation of
c-fos promoter by Tax (11).

Much like other eukaryotic virus transcription activators,
such as herpes simplex virus VP16, Tax appears to contain
multiple domains involved in interacting with various cellular
effector proteins. By linker-scanning mutagenesis, Smith and
Greene (36) previously demonstrated that distinct regions in
Tax were involved in activating transcription from the CRE
containing the HTLV-I LTR and the NF-kB binding site con-
taining the human immunodeficiency virus type 1 LTR. From
a total of 51 Tax mutants, 3 were found to activate exclusively
via either the CREB-ATF pathway or the NF-kB pathway.
Mutants M1 (H3S) and M47 (L319R, L320S) were defective in
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transactivating the HTLV-I LTR but continued to activate the
human immunodeficiency virus type 1 LTR, while mutant M22
(G137A, L138S) activated the HTLV-I LTR but not the hu-
man immunodeficiency virus type 1 LTR. Several mutants with
NH,-terminal alterations, including M7 (C29A, P30S), were
impaired in nuclear localization. The Tax domain necessary for
nuclear transport has been localized to amino acid residues 1
to 48 (18, 38). In addition, the NH, terminus of Tax has been
implicated in determining the specificity for the transcriptional
activation of the HTLV-I or HTLV-II viral LTRs by the re-
spective transactivators (5). Whereas these studies hinted at
the importance of the NH,-terminal domain of Tax in nuclear
localization and promoter selectivity, fusion of different re-
gions of Tax to the Gal4 DNA binding domain suggests that a
transactivation domain exists in the COOH terminus of Tax
between residues 284 and 325 (12, 35). In this study, we de-
scribe the in vitro characterization of Tax mutants. Our results
indicate that the integrity of the NH, terminus of Tax is critical
for interaction with CREB. This interaction was aborted by
deletions, amino acid substitutions, or steric hindrance im-
posed by the glutathione S-transferase (GST) domain. In con-
trast, the COOH-terminal region of Tax, albeit critical for Tax
transactivation, could be removed without severely affecting
Tax-CREB-HTLV-I 21-bp-repeat ternary complex assembly.
This region most likely serves to interact with the basal tran-
scriptional machinery to affect initiation of mRNA synthesis.
These results support the presence of a multidomain structure
of the Tax protein and define biochemically the functional
defects associated with the previously identified Tax mutants.

MATERIALS AND METHODS

Plasmid constructs. The cDNA for CREB was cloned at the Ndel-BamHI sites
of the pET-11a expression plasmid under the control of the bacteriophage T7
promoter as reported earlier (43). CREB cDNA contained in a 1-kb fragment
with a blunted Ndel site at the 5’ end and a BamHI site at the 3" end was inserted
into plasmid pGEX2T at Smal and BamHI sites to yield the expression plasmid
pGST-CREB for the GST-CREB fusion protein. The recombinant plasmid was
transformed into HB101 cells, and the fusion protein GST-CREB was synthe-
sized after IPTG (isopropyl-B-p-thiogalactopyranoside) induction. The GST-
CREB fusion protein was then purified from glutathione-agarose beads after
elution with glutathione. The presence of CREB in the fusion protein was
confirmed by immunoblot analysis and gel shift assay (not shown). The GST-Tax
fusion construct was generated as GST-CREB, except that the TaxH6 coding
sequence was contained in a DNA fragment with a blunted 5’ Ncol site and
staggered 3’ BamHI site. GST-Tax(96-353) was constructed by ligating the
PCR-generated Tax sequence with the forward primer (5') CGCGGATCCCA
TACAACCCCC and the reverse primer (5') TTGAGCCATATGTTAATTA
ATGGTGGTGATGGTGGTGGACTTCTGTTTCT CGGAA (oligo-TaxH6)
into the pGEX2T vector. GST-M1 was constructed by substitution of the Ncol-
Clal fragment in the GST-Tax with the corresponding region from pET-M1 and
subsequently confirmed by sequencing. GST-M7 was constructed by substitution
of the Accl-Clal fragment in the GST-Tax with the corresponding region from
the cytomegalovirus (CMV) vector CMV-M7. Expression of all Tax fusion pro-
teins was confirmed by Western blotting (immunoblotting).

The various NH,-terminal deletions of Tax were constructed by incorporation
at specific positions in the Tax coding sequence of ATG initiation codons con-
tained within an Ncol site by PCR, followed by cloning of the truncated Tax
sequences into pET-11d plasmid via Ncol-BamHI sites. Plasmid pXS5 harboring
the Tax cDNA under the control of the bacteriophage TS5 P21 promoter (16) was
linearized with EcoRI and used as the template. The sequences of the oligonu-
cleotide primers used in the PCR are as follows. The reverse primer oligo-TaxH6
was used in all PCRs. Forward primers for Tax(6-353), Tax(21-353), and
Tax(89-353) are (5') CGCGGATCCATGGGTTTGGACAGAGTC, (5') GCA
TGCCATGGGAGACTGTGTACAAG, and (5') GCATGCCATGGTCCTTA
CCCCGCCA, respectively. The DNA fragments containing amino acid substi-
tutions in mutant Tax, M7, M22, and M47, were derived from PCR amplification
with mutant Tax cDNA sequences present in a CMV-based eukaryotic expres-
sion vector used as templates. The forward primer, (5') GCATGCCATGGC
CCACTTCC, and the reverse primer described above were used in the PCR. Tax
mutant M1 was constructed by PCR-based site-directed mutagenesis with (5")
GACATGCCATGGCCTCCTTCCCAGGGTTTGG as the forward primer and
(5") GTCGCGGATCCTCAGACTTCTGTTTCTCG as the reverse primer and
with wild-type Tax cDNA as the template. M1, M7, M22, and M47 were then
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cloned into the pET-11d vector for expression. Tax(1-244) was generated by
inserting an Xbal termination linker at the Stul restriction site in the wild-type
Tax sequence. Tax(1-319) was generated by linearizing pET-M47 with the Bg/IT
restriction enzyme to cause a termination of transcription and translation at
amino acid residue 319.

Gel electrophoretic mobility shift assay. A 3P-labeled Bg/II-Ncol fragment
containing the TATA-proximal 21-bp repeat (47 bp) was prepared by filling in
the protruding ends in the presence of [a-*?P]dCTP and Klenow enzyme. After
electrophoresis in an 8% polyacrylamide gel in Tris-borate-EDTA buffer, the
labeled fragment was eluted by soaking the gel slices in double-distilled water
and was used for gel shift analysis. The DNA binding reaction mixture typically
consisted of approximately 10 pg (4,000 cpm) of radiolabeled DNA fragment, 0.5
to 1 pg of poly(dI-dC), 0.1 pg of purified CREB, and approximately 0.1 ug of
purified Tax (42) or GST-Tax in 1X binding buffer (25 mM HEPES [N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid; pH 7.9], 5 mM KCI, 0.5 mM
EDTA, 1 mg of bovine serum albumin [BSA] per ml, 10% glycerol, and 0.25 mM
dithiothreitol). To remove the GST moiety from GST-Tax, the fusion protein
was incubated with 0.2 U of thrombin (Sigma) for 30 min at 37°C and the treated
protein was then incubated with CREB and DNA in the binding reaction mix-
ture. After incubation for 30 min at 37°C, the binding reaction mixture was
chilled on ice and subjected to electrophoresis in a 4% nondenaturing polyacryl-
amide gel (42). The gel was subsequently dried and autoradiographed.

Protein purification. Bacterial cells (BL21DE3) containing the pET-1la-
CREB plasmid were grown in Luria-Bertani broth containing 100 ug of ampi-
cillin per ml, and CREB expression was induced with IPTG. Purification of
CREB protein was carried out with DNA cellulose column chromatography (43).
GST-CREB, GST-Tax, GST-M1, GST-M7, GST-Tax(96-353), and GST were
purified from HB101 cells containing the respective expression constructs after
IPTG induction. Glutathione-agarose was then used for protein purification.

Affinity precipitation with a glutathione matrix. Glutathione-Sepharose was
prepared in BBN (gel shift binding buffer supplemented with 0.15% Nonidet
P-40, 1 mg of BSA per ml, and 0.5 mM phenylmethylsulfonyl fluoride). Approx-
imately 500 ng of purified GST and GST-CREB was incubated with glutathione-
Sepharose (60 pl of 50% slurry) for 1 h at 4°C. The GST-charged Sepharose was
then washed once with BBN to remove unbound proteins and resuspended in
300 wl of BBN. The TNT T7 coupled reticulocyte lysate system from Promega
was used to translate the wild-type and mutant Tax proteins in vitro. Plasmid
DNA (1 pg) in a mixture of 50 pl of 50% lysate and 40 p.Ci of [**S]methionine
(>1,000 Ci/mmol [Amersham]) was used to express mutant and wild-type pro-
teins from the bacteriophage T7 promoter. Ten microliters of each of the trans-
lation reaction mixtures was added to two sets of glutathione-Sepharose beads
charged with GST or GST-CREB. The mixture was then incubated at 4°C for 2
h with shaking. The Sepharose was then washed four times, each with 200 pl of
BBN. In vitro-translated proteins that remained bound to the beads via GST or
GST-CREB were then eluted in sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) sample buffer and subjected to electrophoresis on an
SDS-12% polyacrylamide gel. The gel was then soaked for 30 min in 1 M sodium
salicylate, dried, and exposed for autoradiography.

Biotinylated-DNA precipitation. Streptavidin-agarose was prepared in BBN
containing 1 mg of BSA per ml to reduce nonspecific adsorption of labeled
proteins. The DNA fragment containing two TATA-proximal copies of the 21-bp
repeats (2X21) was biotinylated by filling in the protruding ends in the presence
of d(C,G,T)TP, biotin-dATP (biotin and the dATP moieties were separated by
a 14-carbon spacer), and Klenow enzyme. The biotinylated 2X21 DNA was
ethanol precipitated and redissolved in 100 wl of water; 6 pl of the biotinylated
DNA fragment was then used in each reaction mixture. Wild-type and mutant
Tax proteins were translated in vitro as described above. The DNA binding
reaction mixture consisted of 10 wl of translated Tax proteins, 6 pl of biotinylated
2X21 DNA (approximately 10 ng), and 0.1 pg of purified CREB in 1X binding
buffer. The binding reaction mixture was incubated for 30 min at 37°C and then
added to streptavidin-agarose resuspended in 300 pl of BBN. The reaction
mixture was incubated for an additional 2 h at 4°C on a rotator. The beads were
then washed with 200 ul of BBN four times. In vitro-labeled Tax proteins
retained on the beads via formation of a ternary complex with CREB and the
2X21 DNA were then eluted in SDS sample buffer and analyzed as described
above.

Immunoprecipitation. Protein A-Sepharose was preincubated in BBN supple-
mented with 1 mg of BSA per ml to reduce nonspecific binding of labeled
protein. Purified Tax (0.4 pg), GST-Tax (0.4 pg), and GST-Tax after thrombin
treatment [GST-Tax(thr.) (0.4 ng)] were incubated with 8 wl of in vitro-trans-
lated 3S-labeled CREB and Tax-C-Ab (5 ul) in gel shift binding buffer for 30
min at 37°C. The reaction mixture was then added to 50 pl of 50% protein
A-Sepharose slurry suspended in 200 pl of BBN. The reaction mixture was
subsequently incubated for 2 h at 4°C with constant shaking. The beads were then
washed five times with 200 wl of BBN. The bound protein was eluted in SDS
buffer, subjected to electrophoresis on a 12% polyacrylamide gel, soaked in 1 M
sodium salicylate, dried, and exposed for autoradiography. Coimmunoprecipita-
tion of in vitro-translated 3*S-labeled SRF with various forms of Tax was carried
out similarly.

Chloramphenicol acetyltransferase assay. Jurkat cells were transfected with
p218-CAT (17) containing two copies of the HTLV-I 21-bp repeat upstream of
the chloramphenicol acetyltransferase reporter alone or with CMV-wild-type
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- Tax (21-353)
M1 Tax (6-353) ax ( ) M7

MAHFPGFGQSLLFGYPVYVFGDCVQGDWI [ 30
ISGGLCSARLHRHALLATCPEHQITWDPID 60
Tax (89-353)
GRVIGSALQFLIPRLPSFPTQRTSKTLKVL 90
TPPITHTTPNIPPSFLQAMRKYSPSRNGYM 120

M22
EPTLGQHLPTLSFPDPGLRPQNLYTLWGGS 150

VVCMYLYQLSPPITW PLLPHVIFCHPGQLG 180
AFLTNVPYKRIEELLYKISLTTGALMILPE 210
DCLPTTLFQPVSAPVTILTAWQNGLLPHFST 240
LTTPGLIWTFTDGTPIISGPCPKDGQPSLV 270
Tax (1-244) <)
LQSSSFIFHKFQTKAYHPSFLLSHGLIQYS 300
M47
SFHNLHLLFEEYTNIPISLLFNEKEADEND 330
Tax (1-319)
HEPQISPGGLEPPSEKHFRETEV 353

FIG. 1. Amino acid sequences of HTLV-I Tax and its mutants. The starts
and stops of the various Tax deletion mutants characterized in this study are
indicated by arrows at the relevant positions. The numbers in parentheses above
the arrows denote amino acid residues contained within the deletion mutants.
M1, M7, M22, and M47 contain H3S, C29A and P30S, G137A and L138S, and
L319R and L320S amino acid substitutions, respectively, with the wild-type
residues given in open letters. The numerical designations of mutants are given
according to the system of Smith and Greene (36).

Tax, CMV-M7, CMV-M22, and CMV-M47 by the DEAE-dextran method as
previously described (41). The amount of DNA used in each transfection was
held constant at 5.5 pg.

RESULTS

NH, terminus of Tax is crucial for interaction with CREB.
We have previously reported that Tax interacts directly with
the CREB homodimer and CREB-ATF-1 heterodimer via the
CREB subunit (43). The multiprotein complexes formed by
Tax and CREB or Tax and CREB-ATF-1 assemble with in-
creased efficiency on HTLV-I 21-bp repeats. Notably, the Tax-
CREB complex exhibits greatly increased DNA recognition
specificity compared with CREB alone. We showed by in vitro
binding site selection that Tax-CREB preferentially interacted
with a consensus binding site, GGGGG(T/G)TGACG(T/
C)(A/C)TA(T/C)CCCCC, which is highly homologous to the
HTLV-I 21-bp repeats in general and the promoter-proximal
21-bp repeat in particular (31). In contrast, CREB alone binds
only to a consensus motif, GNTGACG(T/C), lacking the G-
and C-rich flanking sequences. The G- and C-rich flanking
sequences are required for the stable assembly of the Tax-
CREB complex in vitro and transactivation by Tax in vivo.
That the physical presence of Tax in the ternary complex is
crucial for transactivation supports the notion that Tax con-
tains distinct domains which interact with CREB and the basal
transcriptional machinery. To localize the regions in Tax re-
sponsible for binding CREB, successive deletions in the NH,-
and COOH-terminal coding sequences of Tax were made. The
interaction of truncated Tax proteins with CREB was then
measured by two assays. The first involved the capture of
various in vitro-translated, [*>S]methionine-labeled Tax pro-
teins by GST-CREB fusion protein bound to the glutathione-
agarose matrix. The second involved the assembly of a ternary
complex containing [**S]methionine-labeled Tax—CREB-bi-
otinylated HTLV-I 21-bp repeats and its precipitation by the
streptavidin-conjugated Sepharose beads. Figure 1 shows the
amino acid sequence of HTLV-I Tax and the positions of the
NH,- and COOH-terminal truncations and the various amino
acid substitution mutants that we analyzed. The [**S]methi-
onine-labeled wild-type and truncated Tax proteins were syn-
thesized by in vitro translation (Fig. 2, lanes 1, 4, 7, 10, 13, 16,
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FIG. 2. NH, terminus of Tax is crucial for interaction with CREB. In vitro-
translated wild-type (wt) and mutant Tax proteins analyzed in each assay are
listed at the top of their respective lanes. (A) Affinity precipitation with the
glutathione matrix was carried out as described in Materials and Methods. In
vitro-translated proteins (lanes 1, 4, 7, 10, 13, 16, and 19) were coprecipitated
with GST (lanes 2, 5, 8, 11, 14, 17, and 20) or GST-CREB (lanes 3, 6, 9, 12, 15,
18, and 21). The translated proteins retained on the glutathione-Sepharose
matrix via interaction with GST or GST-CREB were dissolved in SDS sample
buffer, subjected to SDS-PAGE (12% polyacrylamide), dried, and autoradio-
graphed. (B) Biotinylated DNA precipitation. An 80-bp DNA fragment contain-
ing HTLV-I 21-bp repeats was biotinylated. This biotinylated 2X21 DNA and in
vitro-translated Tax proteins (lanes 1, 4, 7, 10, 13, 16, and 19) were incubated
with (lanes 3, 6, 9, 12, 15, 18, and 21) or without (lanes 2, 5, 8, 11, 14, 17, and 20)
CREB at 37°C for 30 min. The reaction mixtures were subsequently incubated
with streptavidin-agarose. In vitro-translated Tax proteins that bound to CREB
at the DNA were precipitated, electrophoresed, dried, and autoradiographed.

and 19) and incubated with purified GST or GST-CREB pro-
teins. This step was followed by incubation with glutathione-
Sepharose beads. As indicated, GST-CREB but not GST al-
lowed the efficient capture of wild-type Tax on glutathione-
Sepharose (lanes 1 to 3). As expected, the luciferase control
bound neither GST nor GST-CREB (lanes 20 and 21). Any
perturbations in the NH,-terminal region of Tax (lanes 4 to
12), including a small deletion of six amino acid residues (lanes
4 to 6), obliterated the interaction with CREB. In contrast,
deletion of 34 amino acid residues from the COOH terminus
of Tax did not interfere with Tax-CREB interaction (lanes 13
to 15). However, when the deletion extended into amino acid
residue 245 of Tax, the protein-protein interaction became
greatly impaired. Because Tax, CREB, and the HTLV-I 21-bp
repeats assemble a ternary complex (43), we also used this as
a criterion to characterize the various Tax mutants. A 76-bp
Ncol-Xhol DNA fragment containing two HTLV-I 21-bp re-
peats was labeled with biotinylated dATP and used in the
binding reactions with the Tax-CREB complex. The ternary
complex was then precipitated with streptavidin-agarose. As
anticipated, in the presence of CREB, **S-labeled wild-type
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FIG. 3. Attachment of the GST moiety to the NH, terminus of Tax blocks interaction with CREB. (A) Construction of a GST-Tax fusion protein. Amino acid
residues at the GST-Tax junction of the fusion protein are shown above the diagram. Residues from Tax are underlined, with the first methionine marked. The thrombin
cleavage site is marked with an arrow. The solid box at the COOH terminus of Tax indicates the appendage of a six-histidine extension described previously (42). (B)
Gel electrophoretic mobility shift assays were carried out as described in Materials and Methods. >?P-labeled 21(1) and purified CREB were incubated without (lanes
1 and 6) or with (lanes 2 and 7) purified Tax, GST-Tax (lanes 3 and 8), GST-Tax(thr.) (lanes 4 and 9), or GST (lanes 5 and 10). GST-Tax(thr.) represents Tax released
from the fusion protein after proteolytic cleavage by thrombin. Nucleoprotein complexes containing CREB or Tax-CREB (Tax:CREB) are indicated by arrows.
Tax-C-Ab (1 pl [lanes 6 to 10]) was added to confirm the presence of Tax in the ternary complexes. (C) Western blot of purified Tax, GST-Tax, and GST-Tax after
thrombin treatment [GST-Tax(thr.); lanes 1 to 3, respectively]. The amounts shown are used for both immunoprecipitation and gel shifts. (D) Immunoprecipitation
of in vitro-translated CREB (lane 1) with Tax, GST-Tax, and GST-Tax(thr.) (lanes 2 to 4, respectively).

Tax became bound to the affinity matrix (Fig. 2B, lane 18). In
the absence of CREB, little binding of Tax to the streptavidin-
agarose was detectable (Fig. 2B, lane 17). The ability of the
truncated Tax proteins to participate in ternary complex for-
mation correlated well with that observed with the GST-CREB
assay; i.e. NH,-terminal alterations of Tax resulted in abroga-
tion of ternary complex assembly (Fig. 2B, lanes 7 to 15), while
deletion of 34 amino acid residues from the COOH terminus
did not impair the ability of Tax to form ternary complexes
(Fig. 2B, lanes 4 to 6). Large truncations of COOH-terminal
sequence [Tax(1-244), lanes 1 to 3], however, abolished ter-
nary protein-protein-DNA interactions. These results indicate
that the NH, terminus of Tax is critical for its interaction with
CREB. Furthermore, although a relatively short deletion in
the COOH terminus of Tax did not affect this interaction, a
large truncation [as in Tax(1-244)] abolished the ability of Tax
to engage CREB effectively.

Attachment of the GST moiety to the NH, terminus of Tax
blocks interaction with CREB. As part of an effort to charac-
terize Tax-CREB interaction, a GST-Tax fusion protein which
contained the GST moiety fused to the NH, terminus of full-
length Tax was prepared (Fig. 3A). The GST-Tax fusion pro-
tein was purified and analyzed in the gel electrophoretic mo-
bility shift assay together with CREB and the promoter-
proximal HTLV-I 21-bp repeat, 21(1). In contrast to the wild-
type Tax, GST-Tax failed to form a more slowly migrating

complex with CREB and the 21(1) DNA (compare lanes 2 and
3 in Fig. 3B). Taking advantage of the presence of a thrombin
cleavage site at the fusion junction in GST-Tax (Fig. 3A), we
removed the GST moiety from Tax by proteolysis. As indicated
in Fig. 3C, after thrombin treatment, GST-Tax (lane 2) was
converted to a form [GST-Tax(thr.)] containing only a short
peptide extension in the NH, terminus (lane 3) that comi-
grated with the wild-type Tax (lane 1). Much like the wild-type
Tax, this version of Tax was able to assemble a more slowly
migrating ternary complex with CREB and the probe DNA
(Fig. 3B, lane 4). The presence of Tax in the ternary complex
was further demonstrated by the Tax-C-Ab supershift (com-
pare lanes 8 and 9 before and after thrombin cleavage). Fi-
nally, GST-Tax failed to coprecipitate with CREB, but throm-
bin treatment restored the coprecipitation (Fig. 3D, lanes 3
and 4). These results suggest the importance of the NH, ter-
minus of Tax in the assembly of the Tax-CREB-21(1) ternary
complex. Apparently, the GST domain in the NH, terminus of
Tax presented a steric hindrance of Tax-CREB interaction
which was removed by thrombin proteolysis.

Biochemical characterizations of amino acid substitution
mutants of Tax support the presence of distinct functional
domains in Tax. Smith and Greene (36) have previously pro-
duced a large panel of amino acid substitution mutants of Tax.
These mutants could be classified into three categories: (i)
mutants that were unable to activate transcription from either
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NF-kB binding sites in the HIV LTR or the CRE in the
HTLV-I 21-bp repeats [These mutants include M7 (C29A,
P30S), which was impaired in localization to the nucleus.]; (ii)
mutants M1 (H3S) and M47 (L319R, L320S) that activated
transcription from NF-«B sites but not HTLV-I 21-bp repeats;
and (iii) a mutant, M22 (G137A, L138S), which activated tran-
scription from the HTLV-I 21-bp repeats with reduced effi-
ciency but was defective in transactivation from the NF-xB
binding site. We placed the coding sequences of all four mu-
tants under the control of the bacteriophage T7 promoter.
They were then expressed and radiolabeled by in vitro trans-
lation as described above and tested for interaction with
CREB. Mutant M7 failed to interact with GST-CREB or as-
semble a ternary complex with CREB and the biotinylated
21-bp repeats (Fig. 4A and B, lanes 5 and 6). Although mutant
M1 interacted somewhat with GST-CREB (Fig. 4A, lanes 14
and 15), it was unable to assemble a ternary complex with
CREB and the biotinylated 21-bp-repeat DNA (Fig. 4B, lanes
14 and 15) and thus failed to transactivate the HTLV-I LTR.
The defects in these two mutants are not due to gross confor-
mational alterations from the amino acid substitutions because
they both interact with SRF p67 like the wild-type Tax (Fig. 4C,
lanes 3 and 5). Consistent with its ability to interact with SRF
in vitro, M1 was observed to activate expression from the c-fos
promoter, M7, however, was unable to activate the c-fos pro-
moter, most likely because of a nuclear localization defect (not
shown).

In contrast and as anticipated, M22 interacted with CREB
positively but with reduced affinity (Fig. 4A and B, lanes 8 and
9). Most notably, M47 interacted with CREB better than M22
(Fig. 4A, lanes 11 and 12) and assembled stably into the Tax-
CREB-21(1) ternary complex (Fig. 4B, lanes 11 and 12). Ap-
parently, the deficiency of M47 in transactivating the HTLV-I
LTR in vivo was not due to a defect in Tax-CREB interaction
but most likely resulted from an impairment in steps critical for
transcriptional activation that occurred after the assembly of
Tax-CREB complex on the HTLV-I enhancer/promoter.
These results are consistent with the previous reports from
Fujii et al. (12) and Semmes and Jeang (35) showing the
presence of a transactivation domain in Tax which, when fused
to the Gal4 DNA binding domain, was able to activate tran-
scription from the Gal4 binding site. The results from both the
GST-CREB assay and the ternary complex formation assay
together with the in vivo phenotypes of the amino acid substi-
tution mutants are listed in Fig. 5 for comparison. Because
M47 presumably can tie up CREB in forming an inactive
complex, we tested if M47 exhibited a frans-dominant negative
phenotype over the wild-type Tax by cotransfection. Surpris-
ingly, increasing amounts of M47 had no effect on the trans-
activation of the 21-bp repeats by wild-type Tax (lanes 6 to 9).
This is not due to a proteolytic degradation of M47, because
the M47 expression levels are comparable to those of the
wild-type Tax (36). Increasing amounts of M7, however, ex-
erted a negative effect (lanes 10 to 13) on Tax transactivation.
We interpret these results to suggest that the intracellular level
of CREB protein is not limiting. Hence, the formation of a
nonfunctional Tax (M47)-CREB complex did not significantly
affect the level of the functional Tax (wild-type)-CREB com-
plex and transactivation. On the other hand, the basal tran-
scriptional components required for transactivation are prob-
ably limiting. As a result, even though M7 is defective in
nuclear localization, it probably interacted with and rendered
unavailable the basal factors for interaction with the wild-type
Tax.
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FIG. 4. Interaction of mutants M1, M7, M22, and M47 with CREB and
HTLV-I 21-bp repeats. In vitro-translated wild-type (wt) and mutant Tax pro-
teins analyzed are marked at the top of their respective lanes. (A) Affinity
precipitation with the glutathione matrix as described in the legend to Fig. 2. In
vitro-translated proteins (lanes 1, 4, 7, 10, and 13) were precipitated either with
GST (lanes 2, 5, 8, 11, and 14) or with GST-CREB (lanes 3, 6, 9, 12, and 15). (B)
Precipitation with biotinylated 2X21 DNA as described in the legend to Fig. 2.
In vitro-translated proteins (lanes 1, 4, 7, 10, and 13) were precipitated in the
absence (lanes 2, 5, 8, 11, and 14) or presence (lane 3, 6, 9, 12, and 15) of purified
CREB. (C) Coimmunoprecipitation of in vitro-translated 3*S-labeled SRF p67
(lane 1) was performed with Tax-C-Ab in the presence or absence of wild-type
Tax (lanes 8 and 9), M1 (lanes 4 and 5), M7 (lanes 2 and 3), and Tax(96-353)
(lanes 6 and 7). Wild-type Tax and Tax mutants were generated by thrombin
cleavage of their respective GST fusion proteins (as described in the legend to
Fig. 3).
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FIG. 5. In vitro characterizations of Tax mutants and correlation with transactivation of HTLV-I LTR and cellular transformation. Wild-type Tax and various
deletion and amino acid substitution mutants were expressed from the bacteriophage T7 promoter. The Tax mutants examined are as described in the legend to Fig.
1. The glutathione-Sepharose assay and streptavidin-agarose assay were used to characterize the Tax mutants (Fig. 2 and 4). The percentages of wild-type (wt) activities
of each mutant are averages from three independent experiments normalized against the levels of input labeled proteins. Transactivation of the HTLV-I LTR
chloramphenicol acetyltransferase (CAT) construct was carried out by transfection of Jurkat cells by the DEAE-dextran method. These results confirmed previous
findings in a report by Smith and Greene (36). Data about the transformation of rat fibroblasts (Rat-2 cells) by various Tax proteins were derived from another study
by Smith and Greene (37). @, datum derived from a study by Smith and Greene (36).

DISCUSSION

We reported earlier that transcriptional activation via the
HTLV-I 21-bp repeats by Tax is mediated by a direct protein-
protein interaction between Tax and the homodimeric and
heterodimeric (CREB-ATF-1) forms of the ubiquitous tran-
scription factor CREB (43). The Tax-CREB complex selec-
tively interacts with a specific subset of CRE motifs containing
long runs of G-rich and/or C-rich sequences in the 5'- and
3’-flanking regions present in the viral 21-bp repeats (31). The
preferential assembly of the Tax-CREB complex on the
HTLV-I 21-bp repeats and the resulting physical presence of
Tax on the HTLV-I enhancer are crucial for Tax transactiva-
tion. Apparently, these specific protein-nucleic acid interac-
tions allow the transactivation domain of Tax to be tethered
indirectly to the HTLV-I enhancer for transcriptional augmen-
tation. Most recently, we found that Tax specifically engaged
three amino acid residues, **?AAR?®*, near the conserved
DNA binding domain (***RXXKNRXXAAXXCRXRK??) of
CREB in forming the Tax-CREB complex (1). These data
further strengthen the notion that the interaction between Tax
and CREB results in a complex with an altered DNA recog-
nition property. In this report, we show that the integrity of the
NH,-terminal domain of Tax is critical for this interaction.
Most if not all alterations in the NH, terminus of Tax abro-
gated Tax-CREB interaction in vitro. The importance of this

region for CREB interaction is further emphasized by a pre-
vious report showing its involvement in determining the spec-
ificity of HTLV-I Tax and HTLV-II Tax for activating the
respective viral LTRs (5). The analyses of amino acid substi-
tution mutants of Tax described here coincide with in vivo
characterizations published previously (36) and further reveal
that the formation of the Tax-CREB-21-bp-repeat ternary
complex is a necessary first step toward Tax transactivation.
Consistent with this notion, mutant M1 interacted with CREB
to some degree but failed to assemble a stable ternary complex
with CREB and the 21-bp repeats and thus was unable to bring
about transactivation. Our results support the idea that the
recruitment of Tax via CREB to the HTLV-I enhancer facili-
tates the interaction between the transactivation domain of
Tax and the basal transcriptional machinery, which in turn
leads to increased HTLV-I gene expression. This is best indi-
cated by the mutant Tax M47 (L319R, L320S), which inter-
acted with CREB and HTLV-I 21-bp repeats in vitro but
nevertheless was unable to activate the HTLV-I enhancer in
vivo. The defect in M47 most likely resulted from a lesion in
the transactivation domain. Indeed, the presence of such a
domain in Tax has been suggested (12). In excellent agreement
with the data described here, but with a different approach,
Semmes and Jeang (35a) demonstrate that the amino acid
residues 284 to 322 in the COOH-terminal region of Tax con-
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FIG. 6. Transactivation of HTLV-I 2X21 CAT (chloramphenicol acetyl-
transferase) DNA by the Tax mutants M7, M22, and M47 and competition of the
wild type with M47 and M7. The reporter plasmid (1 ng) was transfected into
Jurkat cells either alone or in conjunction with wild-type (wt) Tax, M7, M22, and
M47 (lanes 1 to 5, respectively). All constructs are expressed from the CMV
promoter. Lanes 6 to 9 show cotransfections of wild-type Tax and M47. The
wild-type Tax DNA was held constant at 0.5 pg; the amounts of M47 were 0.5,
1, 2, and 4 ng (lanes 6 to 9, respectively). Lanes 10 to 13 show the results of
cotransfection with wild-type Tax and M7. The amount of Tax DNA was 0.5 pg,
while the amounts of M7 DNA were 0.5, 1, 2, and 4 pg (lanes 10 to 13,
respectively).

stitute a transactivation domain. M47 did not compete with the
wild-type Tax in a frans-dominant negative manner, possibly
because M47 interaction with CREB is weakened and/or the
intracellular availability of CREB is not limiting. In contrast,
M7, a mutant Tax that did not interact with CREB in vitro and
was partially impaired in nuclear localization, competed some-
what with the wild-type Tax (Fig. 6). We interpret this result to
suggest that M7 titrated out limiting basal transcription factors
via its functional transactivation domain, a notion consistent
with results reported by Semmes and Jeang (35a). It is inter-
esting that a direct interaction between Tax and TATA binding
protein has been reported recently (6). The amino acid substi-
tutions in M47, however, did not affect its interaction with
TATA binding protein, suggesting that additional basal tran-
scriptional factors may be involved in bringing about the even-
tual transactivation. Our results indicate that, much like other
virus transactivators such as Ela and VP16, Tax contains mul-
tiple domains involved in interacting with various components
of the eukaryotic machinery. Finally, despite the presence of
an acidic domain in the COOH-terminal end of Tax, this re-
gion could be deleted without affecting Tax function as previ-
ously demonstrated (36).

Transgenic mice harboring the tax transgene have been
found to develop neurofibromas and multiple mesenchymal
tumors (14, 19, 28). Furthermore, Tax is able to transform NIH
3T3 cells (40) and Rat-2 cells (37) in culture. Like c-myc and
adenoviral Ela, Tax collaborates with activated Ras to trans-
form rat embryo fibroblast cells (33). Interestingly, Smith and
Greene found that the oncogenicity of Tax in rat fibroblasts
was linked to its ability to transactivate through the CREB-
ATF but not the NF-kB pathway; i.e., Tax mutant M22 but not
M47 transformed. The data presented here suggest that the
transcriptional induction of specific cellular genes via a pro-
ductive interaction between Tax and CREB may be ultimately
responsible for cellular transformation.

J. VIROL.
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